Commercial seabed mining seems imminent, highlighting the urgent need for coherent, effective policy to safeguard the marine environment. Reconciling seabed mining with the United Nations Sustainable Development Goals will be difficult because minerals extraction will have irreversible consequences that could lead to the loss of habitats, species and ecosystems services. A dialog needs to take place around social, cultural, environmental and economic costs and benefits. Governance of human interactions with the seabed is fragmented and lacks transparency, with a heavy focus on facilitating exploitation rather than ensuring protection. In the light of high uncertainties and high stakes, we present a critical review of proposed policy options for the regulation of seabed mining activities, recommend actions to improve seabed governance and outline the alternatives to mining fragile deep-sea ecosystems.
INTRODUCTION
Seabed mining was first mooted in the 1960s, when John L. Mero implied in his 1965 book, 'Mineral Resources of the Sea' , that manganese nodules grow so fast that the supply would be inexhaustible (Glasby, 2000) . Research shows that those estimations were incorrect: marine minerals such as manganese nodules grow at a rate of just several mm to cm per million years (Halbach et al., 1980; Gollner et al., 2017) . Commercial seabed mining to target these and other slow-growing deep-sea mineral deposits is now a real possibility. Interest is also growing in metal deposits that accumulate at hydrothermal vents on the seafloor. Mining at vents may become a reality even sooner than on nodule fields. In February 2018, Nautilus Minerals completed trials 1 of the deep-sea mining machines it plans to deploy in waters off Papua New Guinea before 2020 and, in March 2018, announced the launch of its seafloor production vehicle 2 . In September 2017, Japan Oil, Gas and Metals National Corporation and the Japanese Ministry of Economy, Trade and Industry announced that it had completed successful trials of polymetallic mineral extraction from a depth of 1600 m off the coast of Okinawa, Japan (Cuyvers et al., 2018) . These two examples indicate the urgency to establish a legal framework to ensure effective protection of the marine environment before commercial activities are considered.
Anthropogenic seabed activities are governed either by the national jurisdiction of a coastal State or, in the areas beyond national jurisdiction (the ' Area'), by the International Seabed Authority (ISA) (Box 1). The three main seabed mineral resources of interest are cobalt-rich crusts, manganese BOX 1 | Current framework of the International Seabed Authority.
The International Seabed Authority (ISA) was established in 1982 under the United Nations Convention on the Law of the Sea (UNCLOS) with the specific purpose to regulate and control activities related to seabed minerals in the area beyond national jurisdiction (the 'Area'). The ISA came into existence when UNCLOS entered into force in 1994. The ISA is comprised of an Assembly, a Council, and a Legal and Technical Commission, as well as a Finance Committee and a Secretariat. The Assembly, the supreme organ of the Authority, is composed of all States Parties to UNCLOS. Council consists of 36 members of the Authority (which are the same as States Parties) elected according to a complicated formula related to consumption and production of minerals and special interests, such as landlocked countries. The Legal and Technical Commission is currently composed of 30 individual members elected by the Council. While the Assembly and Council are open to observers, the Legal and Technical Commission holds its meetings in closed session, despite having been encouraged by Assembly to hold more open meetings to allow for greater transparency (Assembly resolution ISBA/23/A/13 (18 August 2017)). In addition, the so-called Enterprise is empowered to conduct exploration and exploitation of seabed minerals on behalf of the international community but no steps have yet been taken to set the Enterprise into motion.
The ISA has entered into 29 contracts for exploration: 17 for polymetallic nodules in the Clarion-Clipperton Fracture Zone and Central Indian Ocean Basin, 7 for polymetallic sulfides in the South West Indian Ridge, Central Indian Ridge and the Mid-Atlantic Ridge and 5 contracts for cobalt-rich crusts in the Western Pacific Ocean (ISA, https://www.isa.org.jm/deep-seabedminerals-contractors. Accessed 2 April 2018). The ISA has developed regulations for exploration of the three main types of minerals, and is currently in the process of developing regulations for their exploitation.
Measures developed in the ISA apply only to the Area: regulation on the continental shelf is for the coastal State. As stated in UNCLOS article 208.3: "Such laws, regulations and measures shall be no less effective than international rules, standards and recommended practices and procedures." nodules and seafloor massive sulfides. Within continental shelf areas, additional resources include phosphorites, ironsands and diamonds. No commercial deep seabed mining has yet taken place, but Nautilus Minerals and Diamond Fields International have obtained permits to extract minerals in the Bismarck Sea and Red Sea, respectively. Nautilus Minerals is "committed to developing the world's first commercial high-grade seafloor copper-gold mine at the Solwara 1 project site in the first half of 2019, subject to further financing" 3 . At the time of going to press, a spokesperson from Nautilus confirmed that because of finance and other delays, "the timing for initial production at the Solwara 1 Project is expected to be delayed past Q3 2019" (pers. comm., N. Dillane, Corporate Communications Manager. Nautilus Minerals). The Diamond Fields International project to mine the metalliferous muds of the Atlantis II Deep site in the Red Sea is on hold due to a legal dispute.
A growing consensus among marine scientists is that at any scale seabed mining will systematically deplete resources, disturb, damage or remove structural elements of ecosystems, cause biodiversity loss and impact ecosystem services (Le et al., 2017; Van Dover et al., 2017; Boetius and Haeckel, 2018) . The scale of potential damage is unknown and hard to predict because our understanding of deep-sea marine biota remains limited. Also unknown is the extent to which an ecosystem will recover when mining ceases and over what timescales . Deep-sea species are inherently vulnerable to environmental change. Characteristics of deep-sea organisms include increased longevity, slow growth rates, reproduction late in life and low fecundity (Carreiro-Silva et al., 2013; Levin et al., 2016; Danovaro et al., 2017b; Montero-Serra et al., 2018) . These particular life history strategies mean that many deep-sea species have an increased sensitivity to human activities such as mining, fisheries and climate change. Knowledge gaps have led researchers to urge caution and adopt the precautionary approach to seabed mining (Lallier and Maes, 2016; Boetius and Haeckel, 2018) . The place of seabed mining within the United Nations Sustainable Development Goals, in light of the needs for effective protection of the marine environment, transparency, accountability and a full cost-benefit analysis, is increasingly under debate (Kim, 2017) .
In Miller et al. (2018) , we presented a general overview of seabed mining, including the target minerals, locations, extraction methods, likely impacts and the current state of the industry. Here we collate and review policy options that have been proposed by others to regulate and manage seabed mining activities and suggest actionable recommendations for effective governance and protection of deep-sea ecosystems from human exploitation. Finally, we examine alternatives to marine mineral extraction through a discussion encompassing a circular economy and the need for a global reduction in consumption of technological goods.
POLICY OPTIONS, IMPLICATIONS AND EVALUATION

Industry
Despite the known and irreversible consequences of seabed mining, one concern of many marine scientists is that the mining industry will progress to large-scale extraction without the implementation of adequate measures to avoid significant environmental harm (Levin et al., 2016; Niner et al., 2018) . Debate frequently focuses on how to carry out mining rather than whether it should proceed (Woodwell, 2011) . To date, no commercial-scale mining trials have been undertaken, therefore making meaningful predictions of the effects of deep seabed exploitation is challenging. Small-scale seabed disturbance trials including DISCOL (disturbance and recolonization experiment) and the MIDAS project (managing impacts of deep-sea resource exploitation) found that recolonization of disturbed seafloor areas will be on decadal timeframes or longer (MIDAS, 2016) . Studies report that some recovery of species and habitats is possible after experimental disturbance, but the extent of recolonization is variable and depends on the faunal group studied, habitat and type of disturbance .
From an historical perspective, Glasby (2000) describes how, in the 1970s and 1980s, interest in deep-sea minerals was growing and that seabed deposits were introduced as a limitless resource that would yield economic benefits to the global community. Discussions to establish the United Nations Convention on the Law of the Sea (UNCLOS) began in the early 1970s as an international treaty to manage the seas and was formally signed in 1982. The assumption that seabed mining can be a viable source of minerals may arise in part from the historic wording of UNCLOS, which came into force in 1994, and its framework of the ISA. In Article 140, UNCLOS stipulates that activities within the Area are to be carried out for "the benefit of mankind as a whole" (United Nations Convention on the Law of the Sea [UNCLOS], 1982) . Currently, the ISA interprets 'benefit' primarily in economic terms and has not addressed if and how resources recovered from the Area could be distributed globally and equitably (Kim, 2017) . Social and environmental impacts, costs and any benefits of activities in the Area were neither properly recognized nor fully appreciated when UNCLOS was being negotiated. Costs or benefits that stretch intergenerationally are still yet to be addressed. Recognizing the likelihood that commercial deep-sea mining will commence in the near future, policy options for managing the industry have been suggested in the literature ( Table 1) .
Ocean ecosystems are threatened by multiple stressors (for example, climate change, ocean acidification, de-oxygenation, pollution, including plastics, and poor fisheries management) and, accordingly, some have argued that the socio-economic benefits of seabed mining may not outweigh the potential impacts (Nash et al., 2017) . Kim (2017) suggests that it is time to question the assumption that commercializing the Area will benefit all humankind and asks: "Is commercial exploitation of non-renewable resources from the ocean floor today really in the interest of humanity?".
Some argue that a coherent global policy that integrates science, policy and stakeholder dialog is necessary for seabed mining to be managed effectively (Boetius and Haeckel, 2018) . Seabed mining can create transboundary issues -a sediment plume could span jurisdictions, such that coordinated management is essential. Some national governments sponsor mining development on their continental shelves (Miller et al., 2018) . For example, in 2014, the State of Papua New Guinea secured US$ 113 million to fund a 15% share in the capital required to complete the development phase of mining activities in the Nautilus Minerals-operated Solwara 1 site 4,5 . Management of seabed mining as currently organized and envisaged is fragmented -because it is partly under ISA jurisdiction and partly under State control -and lacks transparency in many respects (Lallier and Maes, 2016; Durden et al., 2017 Durden et al., , 2018 Ardron et al. (2018) suggest that accountability could be improved by giving the public and non-government organizations (NGOs) greater access to information and that seabed mining management could be improved through more effective reporting of activities, quality assurance, compliance and an independent panel to review decisions. As well as opening the Legal and Technical Commission to observers, implementation of an environmental committee, as discussed in the ISA Council in March 2018, would assist in better integration of science with policy considerations 8 . A mechanism is still to be developed to assess environmental costs and detriment, social concerns and to integrate a dialog with stakeholders on the need for seabed mining. The ISA is currently developing exploitation regulations, which must ensure the effective protection of the marine environment from harmful effects (UNCLOS, article 145). Mengerink et al. (2014) discuss the establishment of a fund, in lieu of conventional restoration, to cover research, monitoring and contingency for damage arising from human activities in the deep sea. Danovaro et al. (2017a) suggest the establishment of an agency under the United Nations (UN) to facilitate monitoring in the Area, but seabed monitoring is costly -Gramling (2014), for example, estimates that seafloor research can cost up to US$ 80,000 per day. Also, a regulatory body administering a common fund would need the power to appoint independent experts, fine contractors and, if necessary, halt detrimental mining activities (Halfar and Fujita, 2002) . Management that incorporates a 'cessation clause' may incentivise contractors to minimize environmental harm but could not prevent it altogether. It is essential that there is clarity on who (contractors, the ISA or governments) is responsible for activities at every stage of mining Durden et al., 2018) .
Environment
Growing demand for minerals has motivated a desire among some to exploit ocean resources. It is well known that seabed mining will cause irreversible damage to biodiversity on local scales and possibly wider areas depending on the type of mining Van Dover et al., 2017; Miller et al., 2018) . The impact of continuous and cumulative commercial-scale mining operations may generate interacting stressors that are very different from those associated with one single mining event (Van Dover, 2011) and well beyond the natural variations that the seabed has experienced to date. One approach to limit biodiversity loss in deep-sea ecosystems is to establish a coherent network of marine protected areas (MPAs) (Danovaro et al., 2017a; Roberts et al., 2017) . Such networks can protect biodiversity from the impacts of deep-sea mining and other anthropogenic activities (Roberts et al., 2017 ). An added TABLE 1 | An overview of literature that discusses seabed mining policy, management, enforcement and alternatives and our evaluation, which sets out the pros and cons of these measures.
Potential improvement to policy Pros Cons Reference
A new international monitoring initiative.
Under the United Nations to facilitate monitoring, research and governance in the Area.
• Formation of a global Deep-Sea Ecosystem Monitoring Network for monitoring biodiversity with key explanatory variables.
• Coordinated research and monitoring to inform governance.
• May fit under the biodiversity beyond national jurisdiction agreement structure.
• Will not cover territorial seas or exclusive economic zone.
• Potential impacts from outside the area would be monitored but not be addressed by policy.
Danovaro et al., 2017a
Develop coherent seabed protection policy.
For example, the European Union banned benthic trawler fishing at >800 m due to slow recovery times of biota a , but the EU Blue Growth Strategy (European Commission [EC] , 2012) has identified seabed mining as a potential sector to provide jobs and economic growth. Commercial seabed mining may affect significant areas of the seabed. An estimated 1 million km b of seabed within the Area has been allocated for mineral exploration (Cuyvers et al., 2018) .
• May contribute to joined up governance of seabed mining and bottom fishing.
• Could promote global seafloor monitoring.
• Would improve transparency and stakeholder dialog.
• Would improve science-policy interface.
• Could be difficult to implement.
• Would involve liaison between different stakeholders and international and national bodies, significant transparency and institutional reforms in the International Seabed Authority.
Boetius and Haeckel, 2018
Staged approach.
A small number of mining sites with a perceived lower risk could be exploited to allow the development of mitigation technologies.
• Facilitates the collection of baseline data and impacts.
• Facilitates the development of potential mitigation measures.
• Public environmental impact assessments of testing and staging facilitates transparency, assessment of environmental effects.
• Could be perceived as a 'stepping stone' to full extraction particularly if no policy is in place to prevent further extraction.
• Industry resistant due to capital cost of developing all equipment.
Niner et al., 2018
Reinterpret management of seabed mining in the context of United Nations Sustainable Development Goals (SDGs).
• Define benefit, in a context of SDGs and current global challenges.
• Would need to be within a transparent process, with appropriate institutional framework, open to all stakeholders, with non-government organization (NGO) participation.
Kim, 2017
The power to halt mining activities.
• Management can be adaptive as new scientific knowledge emerges.
• Monitoring and assessments would need to be undertaken/reviewed by independent experts with transparency.
• Contracts must allow for cessation.
Halfar and Fujita, 2002
A disaster compensation fund.
• The 'polluter pays principle' could help to address knowledge gaps.
• May not lead to change in behavior of polluter if financial contribution is not large enough.
Mengerink et al., 2014
Effective environmental management framework.
• Enables implementation of the precautionary approach.
• Must comply with the United Nations Convention on the Law of the Sea and cover continental shelf applications.
• External reviews are key. Durden et al., 2017 Durden et al., , 2018 Establish marine protected areas.
To preserve species and ecosystems before mining activities take place.
• Protects endemic biodiversity from harm.
• Need to be adaptive, include areas within claims.
Van Dover et al., 2018
Improved transparency.
• Improved accountability.
• Public will have greater access to information on impacts.
• Periodic reviews that facilitate adaptive management.
• Independent scientific evaluation, monitoring and reviews.
• None as such, though independent experts, including those within NGOs, would be needed.
• Institutions need to adapt and evolve to encompass transparency and accountability.
Ardron et al., 2018
Enforced social cost-benefit analyses.
• Improved benefit sharing, including to local communities and indigenous peoples.
• Set aside a designated fund for disasters and incidents.
• Include reviews for cost-benefit analyses.
• Must include current baseline conditions, environmental externalities and address uncertainties. Wakefield and Myers, 2016; World Bank, 2017 Frontiers in Marine Science | www.frontiersin.org • Effective protection of the marine environment is a high but essential goal.
• Detailed definition of what constitutes 'serious harm' in relation to seabed mining is a necessary precondition.
• Would need to include estimates to quantify the effects of mining and gathering baseline data on which to inform policy prior to any commercial mining activity.
Levin et al., 2016
Fully inform the global community. Ensure complete understanding of the intra-and intergenerational impacts of marine mineral exploitation.
• Preservation of global resources for future generations.
• Global distribution of benefits.
• May prevent impacts from occurring without public consultation.
• Requires independent reporting, reviewing and full transparency.
Niner et al., 2018
Identify alternative materials. Fund research to find substitute metals for the burgeoning green technology sector.
• Maximizes global resources.
• Avoids a reliance on one critical metal, such as silver that are used in photovoltaic cells.
• Does not address the issue of overconsumption of resources and planetary boundaries. Grandell et al., 2016; Teske et al., 2016 Improved metals recycling infrastructure. Encourage a move toward a circular economy.
• Maximizes global resources and may avoid the need for seabed mining even under ambitious renewable energy scenarios.
• Will require initial planning and investment in recycling infrastructure.
• Will require a significant shift to replace fossil fuel energy sources, including technologies and infrastructure built around combustion engines. advantage of MPA networks is that the creation of management plans can help biologists to gather baseline data on deep-sea ecosystems (Dunn et al., 2018) . Seabed mining could be extremely costly given that the ocean provides significant services (Worm et al., 2006; Palumbi et al., 2009; Barbier, 2017; Le et al., 2017) . Marine ecosystem services include breeding grounds and nursery habitats for fisheries, pharmaceutical and genetic resources, climate regulation and nutrient cycling (Le et al., 2017) . Mitigating biodiversity loss and large-scale restoration of deep-sea ecosystems after mining is likely to remain expensive and technologically difficult, or impossible Niner et al., 2018) . Studies documenting the recovery of terrestrial and marine ecosystems show that even if restoration is part of the wider management of seabed mining, it is highly unlikely that biodiversity will fully recover .
Currently, environmental impact assessments (EIAs) do not always take into account the dynamic nature or interconnectivity of marine ecosystems, or that an ecosystem may be subject to multiple stressors. Conducting an EIA for deep seabed mining in the Area is challenging because of the environmental conditions and uncertainties involved, which include a lack of environmental data at all spatial and temporal scales and the fact that mining technologies remain under development (Durden et al., 2018) . Concerns have been raised that data collected by contractors vary in quality and consistency (International Seabed Authority [ISA], 2017). If EIAs are to be used to predict the impacts of the proposed mining activity, standardization of their implementation and strict checks on their quality would need to be addressed with considerable urgency. Durden et al. (2018) consider that EIA frameworks should guide contractors on how to provide data during mining exploration, but the frameworks do not specify how such data would link to future exploitation. Durden et al. (2018) stress that EIA data must influence decision making at the policy level.
A precautionary approach, as envisaged by Durden et al. (2017) , would incorporate routine reviews to prevent -rather than assess the likelihood of -harm. Levin et al. (2016) suggest that uncertainties such as lack of baseline ecological data warrant the use of the precautionary approach. The precautionary approach aims to ensure a high level of environmental protection through the use of smart, risk-averting decisions, but the term can be interpreted in different ways by different stakeholders.
Van suggest that equipment design, such as shrouds placed around cutting machines to limit sediment plumes, might mitigate some environmental impacts. However, the efficacy of such steps has not yet been demonstrated. Niner et al. (2018) argue that mitigation measures should consider spatial planning, including the distribution of habitats, species ranges and connectivity, and the location and extent of proposed mining. Many aspects of deep-sea species biology are unknown -it is impossible to predict genetic or demographic connectivity for species that have yet to be described. Mining could lead to widespread habitat loss and to species extinction.
Marine ecosystems are under increasing pressure from climate change, ocean acidification, oil and gas extraction, fishing, marine litter and shipping (United Nations [UN], 2016). In future, should commercial mining take place, it is plausible that exploitation could occur simultaneously in multiple adjacent locations -whether on vents, on seamounts or on nodule fields. Forecasting and evaluating the effects of deep seabed mining will involve quantifying the cumulative and interacting effects of mining combined with other stressors (Levin et al., 2016; Kroeker et al., 2017) . A strategic environmental assessment could be a first step toward assessing the impact of multiple anthropogenic activities in the ocean (Rogers, 2018 ). An audit of baseline data and an assessment of the health status of the deep-sea ecosystems will help to predict the resilience of biota to cumulative human pressures. In response to such concerns, Niner et al. (2018) discuss the principle of 'no net loss'. No net loss is part of a mitigation hierarchy that is applied to activities that impact terrestrial ecosystems. Briefly described, the mitigation hierarchy is: avoid impacts -> minimize impacts -> remediate impacts -> biodiversity offsetting (one ecosystem is substituted for another). The authors conclude that avoidance and minimizing impacts from seabed mining are the only viable means of reducing biodiversity loss (Niner et al., 2018) . Boetius and Haeckel (2018) go further and state that managing the risks of commercial seabed mining is not possible, from either a financial or ecological perspective. Niner et al. (2018) suggest a staged approach to seabed mining in which a small number of sites are exploited to facilitate the development of mitigation technologies. Intensive research of mined and pristine areas could allow stakeholders to amass detailed knowledge of ecosystems and the impacts of mining. The authors stipulate that biodiversity loss caused by mining must be communicated to the global community because impacts will be inevitable, permanent and could otherwise be invisible to the public or decision-makers. If such a staged approach were to be adopted, it would require full monitoring and reporting by companies and robust evaluation (Durden et al., 2018) . A staged approach could even be seen as a stepping-stone to full mineral extraction if no legal instrument is in place to enable mining to be halted should the need arise. Another issue is that industry is likely to resist staging because of the high capital costs involved in developing mining equipment and the need to recoup the investment (Durden et al., 2018) .
Community
The United Nations Convention on the Law of the Sea, as amended by the 1994 Implementing Agreement, does not prescribe the financial mechanism through which benefits of seafloor mineral exploitation could be redistributed -it rather describes benefits as needing to be 'equitable' (Article 160 UNCLOS; Bourrel et al., 2016) . This raises the question of intergenerational equity as well as broader questions such as access to and sharing of marine genetic resources. Given the potential scale and irreversibility of impacts from seabed mining, mechanisms must be found with urgency to address fundamental questions regarding the justification for, and acceptability of, extraction of seabed minerals (Lallier and Maes, 2016; Van Dover et al., 2017; Durden et al., 2018) . The physical, ecological and societal implications of decisions to allow seabed mining are wide ranging and complex (Box 2). Key issues to be addressed, and which justify broad societal engagement in guiding policy decisions, include:
(1) Seabed mining will damage the marine environment for many centuries ;
(2) Mining activities could affect fish stocks (Levin et al., 2016) ; (3) No liability regime exists and, if established, would warrant the establishment of a fund to cover gaps in liability coverage, such as impecuniosity of operators; (4) A system to distribute mining benefits to current and future generations of the global community has not yet been defined (Kim, 2017) ; (5) Advocating the continued exploitation of Earth's resources is likely to reinforce unsustainable patterns of consumption; (6) Seabed mining could affect carbon sequestration in sediments (Nath et al., 2012; German et al., 2015) ; and (7) Potential marine genetic resources could be degraded before they have been evaluated (Armstrong et al., 2012) .
Accidents and incidents caused by seabed mining have been described as 'low probability, high risk' (Wakefield and Myers, 2016) . As was evidenced by the 2010 BP Deepwater Horizon disaster, marine accidents and incidents can include unanticipated incidents with far reaching effects, especially if they occur offshore at extreme depth. Such events can involve not only financial losses but grave social and environmental BOX 2 | Conflicts of interest.
Mineral extraction from the seabed will unquestionably be disruptive. Management and regulation of seabed mining will need to take into consideration the many stakeholders -each of whom will have vastly different interests -that may be impacted by activity from extractive industries. Examples of potential conflicts between seabed mining and other stakeholders include:
• Subsistence and commercial fisheries. Could be affected by noise, light and sediment plumes from mining vessels and machinery (Miller et al., 2018) .
• Biological resources. Potentially valuable as sources of novel pharmaceuticals. Advances in bioinformatics and genetic sequencing have identified potential therapeutic applications. Rights and access to marine genetic resources and marine scientific research are governed under two legally binding instruments: United Nations Convention on the Law of the Sea (UNCLOS) and the Nagoya Protocol, which apply within the national jurisdiction of coastal states (Lallier et al., 2014) . Access to genetic resources in the Area is not currently subject to regulation (Vierros et al., 2016) .
• Carbon budgeting. Nath et al. (2012) found increased turnover of sedimentary carbon in a small-scale disturbance experiment; effects that would be multiplied many-fold by commercial-scale mining activity. The findings of German et al. (2015) suggest that hydrothermal vents could be globally important ecosystems for delivering organic carbon to deep-sea sediments. Disturbance of processes that affect carbon burial in the sediments could have far-reaching effects on carbon sequestration that in turn is connected to climate regulation (Le et al., 2017) , though these are likely to remain difficult to document in quantitative terms.
• Tourism. For example, the threat of offshore hydrocarbon extraction in the territorial waters of Portugal initiated a campaign by the tourist and fishing industries (http://palp.pt/index.php/en/). Álvarez-Albelo (2012) reports a similar 'tourism versus extractive industry' controversy in Spain's territorial waters. Folkersen et al. (2018) suggest that deep sea mining off the coast of Fiji could reduce tourism revenue.
costs. A social cost-benefit analysis could assess a proposed mining activity in relation to the environment, economy and local and global communities (Wakefield and Myers, 2016; World Bank, 2017) . Such processes would need to include environmental externalities and regular re-appraisal to incorporate relevant technological, cultural and environmental changes and a mechanism is needed to enforce assessed benefits. The high level of uncertainty associated with seabed mining compounds the difficulties in a cost-benefit analysis (World Bank, 2017) .
Economic benefits gained by local communities from commercial mining on continental shelves are likely only to be realized as employment opportunities and through local redistribution of royalties. Economic evaluation must also take into account economic costs, such as lost tourism or fishing opportunities, and environmental costs, which are notoriously difficult to quantify.
The evaluation of a seabed mining proposal needs full transparency, together with effective quantification and communication of the manifold impacts of mining, the benefits and the justification for mining virgin materials. For this, the ISA needs to implement full modern transparency procedures, hold meetings of the Legal and Technical Commission in public, initiate full public comment and review procedures in the exploitation regulations being formulated, with respect to all matters, and issue open invitations to workshops developing policy and procedures. Communication is key because the consequences of biodiversity loss are so great, and decisions relating to exploitation of seabed minerals cannot be left to those with predominantly economic interests. Equally important is to ensure that the global community understands that no financial provision to clean up or mitigate environmental damage (accidental or otherwise) will compensate for the loss of ecosystems that may take millennia to recover (Niner et al., 2018) .
Communities that rely on fish stocks for subsistence could be particularly vulnerable to the impacts of seabed mining. Mining could take place offshore from remote islands such as small-island states of the Pacific or along mid-ocean ridges. Some impacts, particularly sediment plume dispersal, could cross jurisdictional boundaries into coastal waters. Because no commercial-scale seabed mining has yet taken place, a mechanistic description of the extent to which local communities will be affected by seabed mining is difficult to provide. It is imperative that these communities understand the nature of the proposed activities and the ways in which their livelihoods could change so that they are empowered to make informed representations. It is plausible that local people may feel that they are powerless to prevent mining if the economic drive to extract minerals is sufficiently high.
ALTERNATIVES TO SEABED MINING
The global population is set to reach 8.6 billion by 2030 9 . This trend, along with increasing industrialization and growth in household incomes in many parts of the world, can lead to increased demand for resources (Gordon et al., 2006; Izatt et al., 2014) . Current levels of global resource use are predicted to more than double by 2050, much of which will be consumed by emerging economies to build housing and infrastructure (Krausmann et al., 2017) . The current level of resource use is unsustainable and has prompted some researchers to call for global change in patterns of consumption (of metals but also of other commodities such as plastics) (Kim, 2017; Boetius and Haeckel, 2018; O'Neill et al., 2018) .
The mining industry claims that seabed mining will ensure the supply of metals for use in efficient, clean technologies, including reports that exploiting certain deep-sea mineral deposits will "reduce the footprint of mineral extraction" (Halfar and Fujita, 2002; The Economist, 2018) . Other reports find that there is no need to turn to deep seabed mining (Teske et al., 2016) Relying on existing terrestrial mines, say some advocates, will mean continued social and environmental problems. The social and environmental impacts of terrestrial mining are well publicized and include construction of infrastructure, impacts from the disposal of mine tailings and emissions that can lead to atmospheric pollution. Others note, however, that seabed mining will cause benthic disturbance, plumes and noise, the significance of which is indisputable (Kim, 2017) . Moreover, Halfar and Fujita (2002) argue that the environmental effects 9 2017 Revision of World Population Prospects. Available at: https://esa.un.org/ unpd/wpp/ BOX 3 | Overconsumption and the need for a circular economy.
Concerns have been raised that no country can meet basic human needs at a level of resource use that is globally sustainable (O'Neill et al., 2018) . Reducing overall consumption in tandem with implementing a circular economy will make a significant impact on fulfilling demands to manufacture new technology and alleviate waste. Improved recycling technology and careful product design will help to maximize resources (Gordon et al., 2006; Grandell et al., 2016) . Successful implementation of a circular economy will involve changing patterns of consumption and will represent a huge, but not insurmountable, challenge for societies around the globe. A combination of measures such as policy, pricing and a shift in demand could allow economic growth while simultaneously slowing global material use (Krausmann et al., 2017) . For example, policy could require companies to manufacture technologies that are fully recyclable at end-of-life, extending product lifespans and eliminating built-in obsolescence. Other changes in behavior could be incentivized by improvements to public transport, including bike lanes, car sharing, shared use of white goods and less frequent upgrades of personal technology.
Policy measures could help to encourage metals recycling and reuse on a global level. The volume of electronic waste (e-waste) is increasing but recycling certain components can be technically and logistically challenging (Tansel, 2017) . Gordon et al. (2006) report that metals have the potential for "almost infinite recovery and reuse", but recycling can be challenging if it involves extracting metals that have previously been disposed of in landfill. Policy could be used to guide collection, tracking, safe handling, recovery and onward sale of reusable materials. Grandell et al. (2016) report that the metals market is dominated by input from the mining industry. As metals become scarce, prices will rise and, in turn, recycling infrastructure will develop. Grandell et al. (2016) recommend research to find substitute metals to use in green technologies so that reliance widens from using only a few crucial metals. of deep-sea mining could have a wider impact than mining on land.
One solution suggested by Ghisellini et al. (2016) is to implement a circular economy, which may yield significant benefits through metals reuse (Box 3). Bleischwitz et al. (2018) analyzed consumption patterns of copper, aluminum, cement and steel projected over one century and suggested that future demand for resources could be lower than expected as countries reach a stage at which consumption reaches saturation. Boetius and Haeckel (2018) outline the hazards of seabed mining and call for an evaluation of the fluxes and fates of metal use, which could better inform decisions regarding mineral exploitation. Implementation of a circular economy would be complex because it involves a multitude of other processes such as waste management, reduced use of resources and global behavior change, though such challenges should not preclude its consideration and adoption. Broader integration of environmental costs and risks, social and economic drivers, science and stakeholder dialog as well as better inter-sectoral and regional coordination is essential.
ACTIONABLE RECOMMENDATIONS
Our policy brief has led us to formulate the following guidance, arranged in five broad themes, that would protect marine ecosystems from harm and could help to improve governance of the deep seabed in relation to mining (see also Figure 1 ).
Sustainability: Full implementation of a circular economy by
improving reuse and recycling rates, enhancing the design of smart technology, extending product lifespans, limiting obsolescence and discouraging overconsumption. 2. Monitoring: Governance by the ISA is fragmented and currently EIAs are not standardized or independently verified. Implement advanced baseline data collection, establish robust monitoring protocols and research of deep-sea ecosystems through a coherent international ocean agency. 3. Protection: Establish a coherent network of MPAs. 4. Transparency: Fully inform the global community, including all indigenous groups and small-island states, of the costs and benefits of the proposed activity according to the UNCLOS stipulation that activities in the deep sea must be carried out for "the benefit of mankind". Achieve community engagement through compulsory social costbenefit analyses together with the establishment of full transparency of all regulatory, monitoring and management processes. 5. Legislation: In the event that seabed mining proceeds it is imperative that the ISA or other regulatory body has the power to halt mining based on independent assessments. Technology to minimize impacts and strict regulations to prevent serious harm to ecosystems must be enforced by the regulatory body and independently verified. Appropriate policy and funding would be required to ensure that any legislated powers are enforced.
CONCLUSION
Seabed mining will cause irreparable damage to marine ecosystems. Global communities must fully understand the implications of mining because large parts of the seabed are legally the 'common heritage of mankind' (Bourrel et al., 2016; Van Dover et al., 2017; Boetius and Haeckel, 2018; Jones et al., 2018) . At present, regulation of activities that impact on the seabed, including proposed mineral extraction, are set to be regulated differently depending on whether they are in the Area (under ISA rules) or on continental shelf areas (under a diversity of national jurisdictions). If seabed mining becomes a reality, a globally harmonized system for protecting the seabed is needed (Wedding et al., 2015) . In common with many of the instruments applicable to their overlying waters, a harmonized system would need to take into account stressors such as ocean acidification, climate change and pollution. Such an approach could help to avoid fragmented, inconsistent approaches to regulating activities in different regions, though some level of systematic and permanent damage to ecosystems would be unavoidable. When developing the proposed international legally binding instrument on the conservation and sustainable use of marine biological diversity of areas beyond national jurisdiction, consideration will also need to be given to ensure at least equivalent levels of protection within national jurisdictions (United Nations [UN], 2017). Conflicts could arise if a sovereign State does not agree with a harmonized system of ocean governance. Addressing biodiversity threats from seabed mining is paramount. Establishing MPAs before exploration and exploitation is a priority and detailed monitoring is key (Halfar and Fujita, 2002; Van Dover et al., 2017 , 2018 . Wedding et al. (2015) support the application of the precautionary principle in relation to establishing MPAs in deep-sea mining regions. Lessons learned from the planning process relating to exploration claims within the Clarion Clipperton Zone (CCZ) in the Pacific Ocean indicate that existing and emerging claims reduced the effectiveness of proposed science-based MPA networks. Wedding et al. (2015) suggest that all exploration contracts are suspended and no exploitation contracts are issued until MPA networks are fully implemented. Giving marine scientists the opportunity to fully survey an area of the seabed and overlying waters before any permits are issued could help to protect fragile biota if the survey data are used to formulate policy. In the absence of robust baseline environmental data, contractors may otherwise simply designate no-mine areas, or preservation reference zones, in regions of their contract area that are devoid of nodules and, therefore of no financial interest Vanreusel et al., 2016) rather than on the basis of informed conservation objectives. Improvements to the current ISA could include full transparency and independent scientific reviews at all stages by observers from NGOs or institutions .
The United Nations' Sustainable Development Goals 10 signify an obligation to protect the environment and ensure access to resources for current and future generations. Current levels of consumption are unsustainable (Kim, 2017; O'Neill et al., 2018) . Part of the solution -in the supply of raw materials for technologies -is to move toward a circular economy (European Commission [EC], 2017 ). An optimized circular economy will entail a paradigm shift from mining primary resources to adopting radical behavioral changes best described as 'dematerialization' (Kim, 2017; Boetius and Haeckel, 2018) . Future challenges associated with e-waste recycling include lack of awareness and of motivation, although arguably both could be overcome with investment, education and policy instruments (Izatt et al., 2014; Tansel, 2017) .
Demand is increasing for minerals with which to manufacture smart technologies and green energy, particularly in light of the Paris Agreement and the transition toward a low-carbon society (European Commission [EC], 2011; Alonso et al., 2012; Grandell et al., 2016; Ali et al., 2017) . In 2011, 97% of the world's production of rare earth elements involved China, prompting the industry to look for mineral reserves elsewhere, including the deep sea, to safeguard supply (Kato et al., 2011) . However, Teske et al. (2016) claim that even with ambitious future energy scenarios metal demand associated with renewable technologies will not require seabed mining. The need for minerals is apparent but the focus must be on research and development to establish effective recycling programs and find alternative technologies that reduce, or eliminate, the use of supply constrained metals.
Advances in science and technology present myriad opportunities -and drawbacks -for humanity. As a global civilization, it is necessary to evaluate the benefits and costs of anthropogenic activities in a world in which resources are finite and the environmental costs of previous actions present global challenges for generations to come.
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